We study optical transitions from a periodic array of InP/InAs/InP core-multishell nanowires ͑CMNs͒ having a wurtzite crystal structure by using photoluminescence ͑PL͒ and PL excitation ͑PLE͒ spectroscopy. Observing a large Stokes shift between PL and PLE spectra, a blueshift of the PL peak with a cube-root dependence on the excitation power and a slow and nonexponential decay of PL with an effective decay time of 16 ns suggest a type-II band alignment. Band-offset calculation based on the "model-solid theory" of Van Nanometer-scale semiconductor heterostructures such as quantum dots, quantum wires, and quantum wells ͑QWs͒ have been interesting research targets due to their unique size-dependent electronic and optical properties associated with the lower dimensionality and quantum confinement effects. There have been revived interests in semiconductor nanowires ͑NWs͒ due to recent success in growth and fabrication of a regular array of core-shell and core-multishell NWs ͑CMNs͒.
Nanometer-scale semiconductor heterostructures such as quantum dots, quantum wires, and quantum wells ͑QWs͒ have been interesting research targets due to their unique size-dependent electronic and optical properties associated with the lower dimensionality and quantum confinement effects. There have been revived interests in semiconductor nanowires ͑NWs͒ due to recent success in growth and fabrication of a regular array of core-shell and core-multishell NWs ͑CMNs͒.
1,2 Semiconductor NWs can be used as building blocks of sophisticated nanoscale electronic and photonic devices. 3 Much effort has been devoted so far to the growth and fabrication of CMNs and the periodic arrays of such structures.
1,2 However, very little is known about the electronic structure and optical properties of this new class of technologically important structures.
In this letter we report optical studies on the periodic array of InP/InAs/InP CMNs. Both InP and InAs have a wurtzite crystal structure in the NW form, [4] [5] [6] although bulk InP and InAs crystallize to a zinc-blende structure. Moreover, in our CMN sample a thin InAs layer is surrounded by thick InP layers from all sides and the InP layers act like a mold. As a first approximation, we may consider that the InAs lattice experiences a three-dimensional compressive strain and attains the size of the InP lattice in all directions unlike InAs/InP QWs, where the InAs lattice is compressed in the crystal growth plane and is elongated in the growth direction. There have been a few studies on ultrathin InAs/ InP QWs having zinc-blende structure. 7 These experimental results and theoretical calculations using an envelopefunction scheme with effective-mass approximation and empirical tight-binding model 8 seem to show type-I direct transitions in zinc-blende InAs/InP QWs, although some calculations also predict type-II behavior. 9 In contrast, the electronic structure and optical properties of wurtzite InP and InAs are almost unknown. 5, 10 Due to the differences in crystal structure and strain, the insights gathered from the studies on zinc-blende InAs/InP QWs cannot be applied directly to wurtzite InP/InAs/InP CMNs.
We study the InP/InAs/InP CMNs using time-resolved ͑TR͒ and spectrally resolved ͑SR͒ photoluminescence ͑PL͒ and PL excitation ͑PLE͒ measurements. A large Stokes shift between PL and PLE spectra was observed, which along with the absence of strong PLE peak suggests type-II radiative recombination. With increasing excitation power ͑P͒ the PL peaks show a blueshift with a cube-root dependence on P, confirming type-II radiative transition. TR-PL measurements using time-correlated single photon counting ͑TCSPC͒ technique show a slow and nonexponential decay of PL with an effective decay time of 16 ns, as expected for type-II optical transitions. Band-offset calculation based on the "model-solid theory" of Van de Walle 11 for the wurtzite InP/ InAs/InP heterostructure assuming three-dimensional compressive strain supports type-II band lineup.
Our sample is the periodic array of vertically oriented and highly uniform InP/InAs/InP CMNs grown by using selective area metal organic vapor phase epitaxy. Details of the sample growth procedure and scanning electron microscopy images of the grown structure are given in Ref. 2. Transmission electron microscopy studies revealed that InP and InAs have a wurtzite crystal structure in these CMNs. 4, 5 Schematics of the horizontal and vertical cross sections of a CMN is shown in Fig. 1͑a͒ . A tunable cw Ti:sapphire laser was used in the SR-PL ͑spectral resolution of ϳ0.02 meV͒ and PLE measurements performed at 2 K. The standard TCSPC a͒ Present address: Indian Institute of Science Education and ResearchKolkata, Kolkata 700 106, India. Electronic mail: bipulpal@gmail.com. technique 12 ͑time resolution of ϳ1 ns͒ was used for TR-PL measurements. Our PL measurements were performed for excitation at 1.38 eV, below the wurtzite InP bandgap of 1.5 eV, 13 to avoid the complication of carrier relaxation in the InP barrier. Focused laser spot diameter in our experiments is ϳ150 m, covering ϳ10 5 CMNs. We estimate that for 1 mW cw excitation, the steady-state carrier density is less than three electron-hole pairs per CMN on average.
Low-temperature PL and PLE spectra of the sample measured for P = 10 mW are shown in Fig. 1͑b͒ . Multiple peaks in PL spectra arise due to one monolayer variation in the InAs layer thickness. 15 We designate the three PL peaks as 1-3 ML peaks based on a calculation of the ground-state transition energy in a strained InAs/InP QWs. 2 The shoulderlike structures at 1.25 and 1.39 eV in PLE spectra may be assigned to the absorption for 2 and 1 ML regions, respectively. A rise in the PLE signal at ϳ1.5 eV is related to the absorption in the InP layer. 13 We observe a Stokes shift of 70 meV between PL and PLE spectra. The full width at half maximum ͑FWHM͒ of PL peaks is 30 meV. Broad PL peaks may be caused by the inhomogeneous broadening arising from short-range monolayer fluctuations and intermixing of As and P at the interface. However, the Stokes shift is too large to be explained by the inhomogeneous broadening only. It is known that for QWs the Stokes shift for the inhomogeneously broadened exciton PL band almost universally becomes 0.6 times the FWHM of the excitonic absorption band. This universality is based on a large number of experimental observations and is also supported by theoretical calculations. 16 In our case the Stokes shift is more than twice the PL linewidth. Relaxation in an inhomogeneously broadened band cannot explain such a large Stokes shift. We consider that the large Stokes shift observed here is due to a type-II transition 17 because the absorption takes place at a higher energy than the PL in a type-II system. Also, the absorption transitions appear as shoulders rather than strong peaks in PLE spectra. The absence of strong PLE peaks ͓Fig. 1͑b͔͒ is consistent with the type-II behavior.
It has been shown in the literature by several authors 18 that for a type-II optical transition a blueshift of the PL peak for increasing excitation power P is observed with a cuberoot dependence on P. In the type-II system the P 1/3 dependence of the transition energy arises from the band bending effect due to spatially separated electron and holes. 18, 19 PL spectra from our sample for a few values of P are plotted in Fig. 2͑a͒ . Blueshift of all the peaks with increasing P is evident. Peak energy position E P as a function of P 1/3 for the 2 ML peak fits very well to a straight line in Fig. 2͑b͒ . Identical behavior was observed in other peaks. Note that the blueshift of the PL peak linear with P due to state filling effect ͑Pauli exclusion principle͒ is predicted theoretically 20 and observed experimentally 21 in type-I QWs. We find in our experiments that the PL intensity ͑I PL ͒ increases linearly with P without any saturation in the range of P used. This shows that the recombination is excitonic in nature, and the excitation is in the low power regime where the state filling effect is negligible. Therefore, we consider that the P 1/3 dependence of the PL blueshift observed in Fig. 2͑b͒ arises due to the type-II nature of our wurtzite InP/InAs/InP CMN sample.
For type-II transitions PL decay time is known to be long ͑several tens of nanoseconds͒ due to reduced overlap of the electron-hole wave functions. 22 Decay of PL signal at the 2 ML peak recorded using a standard TCSPC ͑Ref. 12͒ setup is shown in the semilogarithmic plot in Fig. 2͑c͒ . We observe a slow and nonexponential decay. Identical behavior was observed in other peaks. This indicates type-II transition. 23 We note that nonradiative recombination is negligible in our sample at low temperatures because temperature dependence of PL shows that integrated PL intensity and PL decay rate are nearly independent of temperature up to 50 K. We attribute the nonexponential decay of PL in Fig. 2͑c͒ to a distribution of decay rates arising from inhomogeneities at the interface due to monolayer fluctuations and intermixing of As and P. Nonexponential decay resulting from a distribution of decay rates is often fitted 25 with the function I PL ͑t͒ = I 0 ͑1 +2⌫t͒ −␤ if nonradiative decay can be neglected, as it is in our case. Here, I 0 is the PL intensity at t =0, ⌫ is an effective decay rate, and the exponent ␤ depends on decay mechanism, distribution of decay rates, etc. We fit the TR-PL data in Fig. 2͑c͒ using the above function. Best fit to our data yields ␤ = 2.5Ϯ 0.02 and ⌫ = 0.06Ϯ 0.006 ns −1 , giving an effective PL decay time of about 16 ns.
Calculation of electronic energy levels for wurtzite InP/ InAs/InP CMNs having three-dimensional strain distribution with cross section in hexagonal symmetry and with translational symmetry along the NW axis is a complex task and is not available in the literature. For simplicity, we take the following approaches to calculate the conduction and valance band offsets based on the model-solid theory of Van de Walle: 11 In the first approach, we treat the InAs layer as a strained QW on the InP ͑110͒ surface. 2 In the second approach, the strain is calculated assuming that the CMN was radially symmetric and taking the lattice constant in the axial direction as that of InP. In both the approaches calculation parameters are taken as that of zinc-blende InAs and InP, and they lead to a type-I band alignment because of biaxial strain. However, InAs and InP have a wurtzite crystal structure in our sample, and a thin InAs shell is completely buried between thick InP layers ͓Fig. 1͑a͔͒, which will force the InAs lattice constant in the radial direction to be that of InP. Also the epitaxial growth of the sample makes the InAs lattice constant in the axial direction the same as that of InP. We may assume that the InAs layer is under hydrostatic pressure, which results in compressive strains in all three directions. [26] [27] [28] We take the c-axis lattice constant of wurtzite InAs ͑Ref. 2͒ ͑InP͒ ͑Ref. 4͒ to be c = 6.9 ͑6.6͒Å and use c / a = 1.633 ͑a is the lattice constant in the plane perpendicular to the c-axis͒. 29 Then using the formalism and parameters from Ref. 11 , we obtain the type-II band alignment with the conduction ͑valance͒ band of InAs lying 0.16 ͑0.32͒ eV above the conduction ͑valance͒ band of InP, which is in agreement with our experimental results.
In conclusion, we study optical properties of the periodic array of InP/InAs/InP CMNs by TR-and SR-PL and PLE measurements. Our study suggests a type-II optical transition arising due to wurtzite crystal structure and triaxial compressive strain in these novel nanostructures.
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